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The Mysterious Pseudogap in High Temperature Superconductors: An Infrared View.
T. Timusk∗
Department of Physics and Astronomy, McMaster University, Hamilton ON Canada, L8S 4M1
We review the contribution of infrared spectroscopy to the study of the pseudogap in high tem-
perature superconductors. The pseudogap appears as a depression of the frequency dependent
conductivity in the c-axis direction and seems to be related to a real gap in the density of states.
It can also be seen in the Knight shift, photoemission and tunneling experiments. In underdoped
samples it appears near room temperature and does not close with temperature. Another related
phenomenon that has been studied by infrared is the depression in the ab-plane scattering rate.
Two separate effects can be discerned. At high temperatures there is broad depression of scattering
below 1000 cm−1 which may be related to the gap in the density of states. At a lower temperature a
sharper structure is seen, which appears to be associated with scattering from a mode at 300 cm−1,
and which governs the carrier life time at low temperatures. This mode shows up in a number of
other experiments, as a kink in ARPES dispersion, and a resonance at 41 meV in magnetic neutron
scattering. Since the infrared technique can be used on a wide range of samples it has provided evi-
dence that the scattering mode is present in all high temperature cuprates and that its frequency in
optimally doped materials scales with the superconducting transition temperature. The lanthanum
and neodymium based cuprates do not follow this scaling and appear to have depressed transition
temperatures.
PACS numbers: 74.25.Kc, 74.25.Gz, 74.72.-h
INTRODUCTION
Infrared spectroscopy has been used in superconductiv-
ity since the 1950’s when Tinkham et al. first measured
the size of the energy gap in lead with a prism spectrom-
eter using a mercury arc for a radiation source[1]. This
was well before the appearance of the BCS theory of su-
perconductivity. The second seminal experiment was the
observation of phonon structure, again in the reflectance
spectra of strong coupling superconductor lead[2, 3, 4, 5],
in 1972. By this time the optical properties of the
BCS superconductors were well understood[6, 7] and the
phonon structure had been predicted[8]. The supercon-
ducting gap can only be observed in the infrared in the
dirty limit, 1/τ ≫ 2∆ where 1/τ is the elastic scattering
rate of the carriers and ∆ the superconducting gap. In
this limit direct pairbreaking across the energy gap gives
rise to a threshold in absorption at hν = 2∆ where ν is
the photon energy[6] and a corresponding ”knee” in re-
flectance spectra. In a clean limit BCS superconductor
there is also a knee in the reflectance spectrum but at a
higher frequency, hν = 2∆+ h¯Ω where Ω is the frequency
of the boson that is needed to conserve momentum in the
absence of impurities. This knee represents the onset of
inelastic processes and the spectrum of bosons responsi-
ble can be obtained by taking the second derivative of
the reflectance spectrum[7, 9]. In a typical BCS super-
conductor there are two peaks in this spectrum, one for
transverse and one for longitudinal phonons. The first
derivative of the difference in reflectance between the su-
perconducting and normal states can also be used to ex-
tract the boson spectral function[3].
The ab plane reflectance spectra of the high tempera-
ture superconductors also exhibits a knee at hν ≈ 8kBTc
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FIG. 1: Infrared reflectance of a typical high temperature su-
perconductor with light polarized along the highly conducting
ab-planes. At room temperature the spectrum is Drude-like
at low frequency but at high frequency the spectrum does
not flatten out, evidence of the presence of high frequency
absorption processes. At low temperature and low frequency
the reflectance approaches unity over a frequency scale of the
order of 500 cm−1suggestive of a gap-like depression of scat-
tering. In underdoped samples this gap appears well above
the superconducting transition temperature.
at low temperature as shown in fig 1. However, this is
not a signature of the superconducting gap. First, the
scattering rate at low temperature is only ≈ kBTc, which
puts the materials in the clean limit where the gap cannot
be seen,[10, 11] and second, at least in underdoped sam-
ples, the knee already appears in the normal state[12].
We now know that the knee is a manifestation, not of
2the superconducting gap, but the result of a complicated
combination of the superconducting gap, the pseudogap
and the effect of the boson that seems to dominate trans-
port scattering well above the superconducting transition
temperature [13, 14, 15, 16].
The c-axis spectra are also dominated by a reflectance
knee but it appears strictly in the superconducting state.
Unlike the ab plane knee it is not a result of an on-
set of enhanced scattering but corresponds to a plasma
edge, very much like the plasma edge of silver in the
ultraviolet[17]. This has been identified as the Josephson
plasma frequency[18].
Kramers-Kronig analysis of the reflectance shows that
the optical conductivity is highly anisotropic, it is in the
clean limit for transport along the ab-plane and in the
dirty limit for c-axis, interplane transport. This leads
us to an apparent contradiction: microwave ab-plane
measurements[19] show that at least YBCO crystals can
be extremely pure with mean free paths extending to mi-
crons rivaling the purest of conventional metals. In the
same crystals, the c-axis transport is highly incoherent
with mean free paths of less than a unit cell. The poor
interplane conductivity can not be caused by defects but
intrinsic incoherence. Incoherent transport occurs when
the probability of in-plane scattering is larger than the
probability of interplane charge transfer – the electron
has no time to set up a coherent interplane wave func-
tion.
A complete review of the optical properties of high
temperature superconductors can be found in several re-
cent papers[20, 21]. The more limited purpose of the
present paper is to focus on the properties of the pseu-
dogap as seen by infrared spectroscopy and to update
recent reviews. However, the earliest evidence of a nor-
mal state gap in high temperature superconductors did
not come from the optical conductivity but from nuclear
magnetic resonance where Warren et al.[22] and Alloul et
al.[23] found evidence of a depressed density of states in
the spin excitation spectrum. This gap became known as
the spin gap. The first spectroscopic evidence for a pseu-
dogap in high temperature superconductors came from
infrared spectroscopy[24]. A pseudogap has been seen
with many other experimental probes. These include the
Knight shift[25], dc resistivity[26], specific heat[27], angle
resolved photoemission (ARPES)[28, 29, 30], tunnelling
spectroscopy[31, 32, 33], Raman[34, 35, 36] and neutron
scattering[37, 38].
THE PSEUDOGAP IN THE C-AXIS
CONDUCTIVITY
Homes et al.[24], in a study of the far infrared re-
flectivity of c-axis oriented YBa2Cu3Ox (YBCO), found,
superimposed on an otherwise flat background, a gap-
like depression of conductivity, which persisted up to
room temperature. Fig 2, top panel, shows the raw
data for the c-axis optical conductivity obtained from
a Kramers-Kronig transformation of the reflectance of
an x = 6.60 sample. The spectrum is dominated by
five strong transverse optic phonons. The frequencies
and eigenvectors of these phonons are well known from
neutron scattering[39]. The lower panel shows the con-
ductivity with the phonons subtracted. We note that at
room temperature the spectrum is flat within 5 % . This
high-temperature background conductivity remains fre-
quency and temperature independent at all doping levels
up to optimal doping at x = 6.95[40].
It is a challenge to theory to account for this simple
conductivity behavior, which is entirely unexpected. A
simple anisotropic metallic system would show a Drude
peak centered at zero frequency. If the observed spec-
trum is the low frequency end of a broad Drude spectrum
with an extremely short relaxation time, a simple calcu-
lation would yield a mean free path of less than a lattice
spacing, which is in clear contradiction of the long mean
free paths seen in the ab-plane conductivity in samples
from the same source[19]. On the other hand, there is no
sign of a narrow Drude peak that one might expect if the
system is an anisotropic metal with a very large mass in
the c-direction. At low frequency the observed conductiv-
ity is flat to less than 50 cm−1 and the lowest frequency
conductivity is in excellent agreement with the dc con-
ductivity, which rules out any sharp Drude peak below
the range of far infrared spectroscopy[40, 41]. However,
it should be noted that in overdoped samples a rather
broad Drude peak appears, which is superimposed on
the broad back ground[42, 43].
There is a large literature that addresses the theoreti-
cal problem of this incoherent c-axis response.[44, 45, 46,
47, 48, 49]. Perhaps the most successful are the models
that are founded on the original suggestion of Anderson
that in analogy with one-dimensional systems, the c axis
transport is between two Luttinger liquids. An expres-
sion for the conductivity in the one dimensional case is
given by Clarke et al. [47]
σ(ω) ∝ ω4α (1)
where for the 1D Hubbard model 0 < 4α < 1/4. This
expression yields a very flat conductivity if a value of
α < 0.2 is used.
As the temperature is lowered a gap develops in the
c-axis conductivity. To see this clearly, the phonon lines
have been fitted to Lorentzian profiles and subtracted
from the conductivity as shown in the lower panel of Fig.
2. In addition to the phonon lines, the broad peak at
400 cm−1 that appears at low temperature has also been
subtracted. A clear gap-like depression of conductivity is
revealed below 400 cm−1. Several characteristic features
of this c-axis normal state gap should be noted. First, its
frequency width does not change with temperature. In
other words, the gap does not close as the temperature
3FIG. 2: Optical conductivity measured along the c-axis in
YBa2Cu3O7−δ. The top panel shows the measured conduc-
tivity showing prominent phonon peaks. In the bottom panel
these peaks have been subtracted. At high temperature the
conductivity is flat and frequency independent. As the tem-
perature is lowered a clear pseudogap is seen below 400 cm−1,
which appears well above the superconducting transition tem-
perature of 63 K. The amplitude of the gap (open circles) is
compared with the NMR Knight shift in the inset.
increases. Instead, as the temperature is raised the depth
of the gap decreases up to the point where, at 300 K, the
gap has merged with the background conductivity while
the frequency scale remains fixed at approximately 400
cm−1. Secondly, it is a normal state gap and changes on
entry into the superconducting state at Tc are relatively
small. The third striking property is the flat of the bot-
tom of the gap, which remains flat to high temperatures.
Optimally and overdoped YBCO also show a gap-like
depression in low frequency conductivity but the gap ap-
pears at Tc and has been associated with the supercon-
ducting gap[24, 43, 50]. This gap does not have the flat
bottomed shape of the underdoped materials. Instead,
the conductivity rises gradually from a low value at low
frequency in a linear fashion to reach the normal state
value in the 600 cm−1 region.
In this connection it must be pointed out
that the non-superconducting ladder compound
Sr14−xCaxCu24O41[51] where x = 11, shows a flat
bottomed gap normal to the leg direction while the
x = 8 sample has a gap similar to the optimally doped
YBCO. Note that the x = 11 material has the higher
doping and a higher conductivity and is considered to be
akin to the optimally doped YBCO. Thus in the ladder
compounds the situation is reversed – as the hole doping
increases the low temperature gap becomes flatter. This
suggests that the shape of the gap at low temperature
can not be used as a signature of superconductivity in
strongly correlated superconductors.
It has been suggested that the blocking layers play a
role in the c-axis transport[48, 49]. In a series of exper-
iments Bernhard et al.[43, 52] on calcium and Pr doped
YBCO show that this is not the case. Calcium and
praseodymium have the effect of changing the hole dop-
ing in the planes without affecting the oxygen content
of the chains. Calcium also allows a much larger over-
doping of the copper-oxygen planes while keeping the
structure of the chains fixed as shown by the ratio of
the concentration of four-fold and two-fold coordinated
copper chain copper sites. This can be seen by the in-
tensities of the phonons at the corresponding bridging
oxygen frequencies[41, 53]. Praseodymium has the op-
posite effect of reducing the in-plane doping. Bernhard
et al. find that the c axis spectra are independent of
the amount of oxygen filling of the chains and depend
only on the doping of the planes ruling out models of c-
axis transport that involve details of the blocking layers.
In the calcium doped materials the authors do find that
the overall conductivity in the c-axis direction is higher,
which they attribute to the effect of the chains.
On the other hand, substitution of Zn, a strong pair-
breaking impurity, which is known to reside on the copper
oxygen planes has a strong effect on the c-axis pseudo-
gap spectra [14, 52]. Reducing Tc with Zn substitution is
very different from what happens when Tc is reduced by
underdoping. Basov et al. find that in naturally under-
doped two-chain YBa2Cu4O8 (YBCO-124) zinc substitu-
tion at the 1.7 % level has the effect eliminating the c-axis
pseudogap. This effect of zinc is confirmed by Bernhard
et al. who find, in optimally doped YBa2Cu3O7−δ that
at zinc concentration of 6 % with Tc of 64 K, the c-axis
spectra show no pseudogap and resemble overdoped sam-
ples with a broad Drude component superimposed on the
flat c-axis conductivity. In both systems, zinc doping also
eliminates the broad peak at 400 cm−1. We will return
to the role of zinc substitution when we discuss the effect
of zinc on ab-plane spectra.
The peak in the conductivity spectrum at 400 cm−1
was originally interpreted in terms of phonons[24] based
on the observation that showed that the overall spec-
tral weight was conserved in the phonon region be-
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FIG. 3: Interplane conductivity in the oxygen phonon region
of underdoped YBa2Cu3O7−δ , top panel. As the temperature
is lowered below 150 K dramatic changes occur in the intensi-
ties of the CuO2 plane phonon frequencies. At the same time
a broad peak centered at 400 cm−1 grow in spectral weight.
The lower panel shows a calculated spectrum based on the
interplane plasmon model of ref. [57] where the damping rate
of the interlayer plasmon is allowed to vary .
tween 250 cm−1 and 700 cm−1[41]. In other words, the
spectral weight of the peak at low temperature grows
at the expense of the spectral weight of some of the
phonons. However, more recently a much more satis-
factory model has been proposed in terms of an inter-
layer plasmon[54, 55, 56, 57]. This model takes into ac-
count the charge imbalance that is set up in a bilayer
system where the conductivity between the bilayers is
much larger than between the charge reservoir layers.
The model not only explains the mode at 400 cm−1 but
also accounts in detail for the dramatic changes in inten-
sity of certain oxygen phonons[55].
Fig. 3 shows the temperature dependence of the 400
cm−1 mode in underdoped YBCO, top panel, and a cal-
culation based on the model of Munzar et al. in the
bottom panel[57]. It can be seen from the experimen-
tal data that the mode makes its appearance below 150
K and thus is not associated with the c-axis pseudogap,
which at this doping level, starts to form at room temper-
ature. The calculation in the lower panel is based on the
assumption that the temperature dependence of the in-
terlayer plasmon intensity is caused by ab-plane life time
effects[57].
The frequency-width of the c-axis pseudogap is diffi-
cult to establish and there is disagreement about its ex-
act value and its temperature and doping dependence.
Homes et al. suggested a pseudogap in the conductivity
of ≈ 400 cm−1, independent of temperature and doping
in the doping range of 6.50 to 6.80, with a larger gap in
the optimally doped materials. Bernhard, on the other
hand, argued for a larger gap based on c-axis measure-
ments in underdoped Ca doped samples[58]. These dis-
crepancies on gap size arise from the difficulty in perform-
ing an accurate subtraction of the phonon background
in the 300 to 600 cm−1 region and to the question of
whether there is a depression of conductivity beyond the
frequency of the highest frequency phonons. Perhaps an
analysis that uses detailed fits to the interlayer model of
Munzar et al.[55] can help to give a more reliable spec-
troscopy in this frequency region.
More accurate data on the width of the pseudogap can
be obtained from ARPES and tunnelling measurements
on underdoped Bi2Sr2CaCu2O8−δ (Bi-2212). Both tech-
niques show a clear normal state gap, which persists
nearly to room temperature[28, 29, 32, 33] A larger value
of the width of the pseudogap is found[29, 30] with 2∆
480 to 800 cm−1. In agreement with the infrared data,
this gap does not close with temperature but fills in, very
much like the gap in the c-axis optical conductivity. An
important contribution of the ARPES technique is the
finding that the pseudogap develops in the (pi,0) direc-
tion in the Brillouin zone and has the same d-wave sym-
metry as the superconducting gap. The ARPES obser-
vation that the normal state gap involves charge carriers
away from the nodes is in accord with band structure
calculations that show that the matrix element for inter-
plane charge transfer is very small for momenta parallel
to (pi,pi)[59, 60, 61]. Thus the c-axis transport involves
carriers in the antinodal (pi,0) region.
THE PSEUDOGAP AND THE AB PLANE
SCATTERING RATE
In many ways measurements of reflectance with in-
frared polarized in the ab-plane are an ideal way to study
low-lying excitations of high temperature superconduc-
tors. One reason is a practical one: flux grown sin-
gle crystals of high temperature superconductors form
as thin plates with a large ab-plane area. As a result
large ab-plane crystals have been grown for nearly all
high temperature superconductors. Also, unlike ARPES
and tunnelling techniques, optical techniques are not very
surface sensitive.
The onset of absorption at 500 cm−1 for light polarized
in the ab-plane, as seen in Fig. 1, has been attributed
to the superconducting gap or the pseudogap. Like the
pseudogap as it is seen in the c-axis conductivity, this
onset occurs in the normal state and the onset tempera-
ture decreases with increased doping. However, it occurs
at a much lower temperature than the c-axis pseudogap
in the same samples. Also, since the ab-plane transport
is coherent the gap cannot be a simple density-of-states
effect.
The relationship between a gap in the density of states
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FIG. 4: ab-plane transport properties of underdoped Bi-2212.
The top panel shows the absorbance, defined as 1−R where
R is the reflectance. In this strongly underdoped sample an
absorption threshold can be discerned at 600 cm−1. In the
next panel the corresponding optical conductivity is shown.
It is approximately Drude-like without a clear gap. The fre-
quency dependent scattering rate, shown in the next panel
has a depression below 600 cm−1. This depression appears at
temperatures below 150 K, well above the superconducting
transition temperature. The bottom panel shows the mass
enhancement.
and an onset of infrared absorption is indirect. The most
straightforward way to show this relationship is to first
perform Kramers-Kronig analysis on the reflectance to
obtain the real and imaginary parts of the conductivity.
An example of this kind of analysis is shown in Fig. 4.
The absorbance A of an underdoped sample of Bi-2212
with a Tc of 67 K and the optical conductivity are shown
from the work of Puchkov et al.[62] While the reflectance
shows a clear onset of absorption in the 600 cm−1 region,
there is no gap in the conductivity. The conductivity
looks Drude-like with only a hint of a peak with an on-
set in the spectral region of the absorption threshold in
reflectance. To clearly reveal the presence of any gap it
is necessary to look at the frequency dependent scatter-
ing rate using the extended Drude model of Allen and
Mikkelsen.[14, 63]
Based on earlier theoretical work[64, 65] Allen and
Mikkelsen showed that the Drude formula
σ(ω) =
1
4pi
ω2p
1/τ − iω
(2)
can be extended to include a frequency dependent scat-
tering rate:
σ(ω, T ) =
1
4pi
ω2p
1/τ(ω, T )− iω[1 + λ(ω, T )]
(3)
where 1/τ(ω, T ) is the frequency–dependent scattering
rate and λ(ω, T ) the mass enhancement of the electronic
excitations due to the interactions.
One can solve for 1/τ(ω) and 1 + λ(ω) in terms of the
optical conductivity found from the experimental reflec-
tivity to find:
1/τ(ω) =
ω2p
4pi
Re(
1
σ(ω)
), (4)
The dc resistivity is zero frequency limit ρdc(T ) =
1/σdc(T ) = me/(τ(T )ne
2) since σ(ω) is real in the zero
frequency limit.
The mass enhancement factor λ(ω) is the imaginary
part of 1/σ(ω):
1 + λ(ω) = −
ω2p
4pi
1
ω
Im(
1
σ(ω)
). (5)
The total plasma frequency ω2p can be found from the
sum rule
∫
∞
0
σ1(ω)dω = ω
2
p/8. The choice of this ar-
bitrary cut-off introduces an uncertainty to the overall
scale factor of the scattering rate and effective mass.
The frequency dependent scattering rate formalism
has been used to describe electron–phonon scattering[7,
66]. Shulga et al.[66] give the following expression for
1/τ(ω, T ):
1
τ
(ω, T ) =
pi
ω
∫
∞
0
dΩα2tr(Ω)F (Ω)
[
2ωcoth(
Ω
2T
)− (6)
−(ω +Ω)coth(
ω +Ω
2T
) + (ω − Ω)coth(
ω − Ω
2T
)
]
+
1
τimp
.
Here α2tr(Ω)F (Ω) is a weighted phonon density of states
and T is the temperature measured in frequency units.
The last term represents impurity scattering.
6The quantity α2tr(Ω)F (Ω) is closely related to
α2(Ω)F (Ω) obtained from the inversion of tunnelling
spectra in BCS superconductors[7] and it can found by in-
verting the optical conductivity spectra at T = 0[3, 7, 9]
to yield:
α2(Ω)F (Ω) =
1
2piω
∂
∂ω
[
ω2
∂
∂ω
1
τ(ω)
]
. (7)
The difficulty with the application of this method to prac-
tical spectroscopy arises from the presence of the sec-
ond derivatives in the expression, which places severe de-
mands on the signal-to-noise ratio of the experimental
spectra. Despite this, the method has been applied with
considerable success to BCS superconductors to extract
α2(Ω)F (Ω), to K3C60[9] and more recently to high Tc
superconductors[15, 67, 68].
There is an alternative approach to the analysis of in-
frared data, the two-component model[69, 70]. Here one
fits a Drude oscillator to the low frequency component of
the conductivity and treats the remaining conductivity
as a separate parallel channel of conductivity, the mid-
infrared band. This approach is applicable in particu-
lar to the La-214 system where such a separate band is
more clearly resolved but it has also been used for the
cases where there is no obvious separation between the
low and high frequency portions of the spectrum[71].
Fig. 4, third and fourth panels from the top, show the
scattering rate and the effective mass for the underdoped
Bi-2212 system. We see that the scattering rate at room
temperature has a linear variation with frequency start-
ing from a rather large constant value 1280 cm−1. The
scattering rate above 1000 cm−1 remains temperature
independent at its 300 K value but as the temperature
is lowered there is a lowering of low frequency scatter-
ing between T ∗ and Ts. At 150 K the scattering rate
begins to drop precipitously at low frequency forming a
gap-like depression that extends to about 700 cm−1. To
distinguish its onset temperature from the higher onset
temperature of the c-axis pseudogap T ∗, we will call the
lower ab-plane onset Ts[57]. Like the c-axis pseudogap it
occurs in the normal state in underdoped samples and at
or near Tc in optimally doped ones[72]. In underdoped
systems the change in the scattering rate on entering the
superconducting state is small. The lowest panel shows
the mass enhancement of the carriers resulting from the
frequency dependent scattering.
These general features are seen in all the cuprate sys-
tems. A gap in the scattering rate was first identi-
fied in YBCO and Bi-2212 systems, materials with two
copper-oxygen layers, but it is also seen in the one-
layer Tl2Ba2CuO6+δ (Tl-2201) system.[62] The depres-
sion of low frequency scattering has also been reported in
La2−xSrxCu3O4 (La-214)[73, 74, 75] and the three layer
Hg2Ba2CaCu3O8+δ (Hg-2213) systems[76] as well as in
the electron doped Nd2−xCexCu3O4+δ (NdCe)[67, 75].
The three layer mercury compound (Hg-1223) is
unique in that it has a maximum Tc of as high as 135 K,
which is substantially higher than the intensively studied
”canonical” superconductors YBCO and Bi-2212 both
with maximum Tc’s at optimal doping of ≈93 K. Single
crystals of the mercury material are difficult to grow and,
and as a result, very few experiments have been done on
this system. Infrared spectroscopy on the ab-plane that
has been performed by McGuire et al.[76] shows that the
material behaves very much like other cuprates with one
notable exception: the energy scale for the gap in ab-
plane scattering is 40 % higher than in materials with a
Tc of 93 K, in the exact ratio of their transition temper-
atures. Energy scales measured with other probes such
as the B1g Raman intensity[77] and the copper hyperfine
coupling constant measured by NMR[78] are also much
higher.
The La-241 material also differs from YBCO and Bi-
2212 in that its Tc at optimal doping is substantially
lower than YBCO and Bi-2212. The presence of a pseu-
dogap in this material is somewhat controversial. Mag-
netic resonance suggests that the pseudogap is unusually
weak[79] and the copper spin relaxation time shows no
sign of a pseudogap[80]. On the other hand, transport
measurements find a suppression of resistivity at a tem-
perature T ∗, which is unusually high[81]. Infrared con-
ductivity in the c-axis direction shows the presence of a
pseudogap in the conductivity that starts near room tem-
perature in slightly underdoped samples, but the overall
suppression of conductivity is less complete than in the
YBCO material[73, 82, 83].
In the ab-plane infrared properties La-241 also shows
differences when compared to other cuprates. From its
lower superconducting transition temperature one might
expect a overall lower frequency scales. This is not the
case. The characteristic knee in reflectance that sig-
nals the onset of scattering is seen in the La-214 ma-
terial at approximately the same frequency range as in
materials with a Tc of 93 K[73, 74]. The exact fre-
quency of this feature is difficult to discern due to the
presence of c-axis longitudinal phonon lines induced by
structural defects[84, 85]. Recent experiments with bet-
ter crystals[75] suggest the gap in the scattering rate in
La-214 is around 1000 cm−1, similar to that in super-
conductors with higher transition temperatures but it is
difficult to separate this energy scale from the lower scale
caused by the resonance as shown in Fig. 4 for Bi-2212.
Because the ab-plane conductivity is metallic and ap-
proximately Drude-like, the gap-like depression seen in
the scattering rate cannot simply be interpreted as a gap
in the density of states. As the frequency dependent scat-
tering rate formalism suggests, we must look to models
that describe the scattering rate. The most successful of
these have been the marginal Fermi liquid model (MFL)
of Varma et al.[86] at high temperatures and the scatter-
ing of carriers by a bosonic excitation[13, 15, 16, 96] at
7low temperatures. It must be pointed out however that
the models that invoke a bosonic excitation to account
for the onset of scattering at Ts are based on Fermi liquid
ideas with well defined quasiparticles. As an inspection
of the scattering rates shown in Fig. 4 shows that for
this material at least the scattering rate is higher than
the frequency at all temperatures.
As Fig. 4 shows, the scattering rate in underdoped
Bi-2212 at room temperature is quite remarkable with
a frequency variation that is accurately linear up to at
least 2000 cm−1. It is worth pointing out that a Drude
model predicts a constant scattering rate as a function
of frequency and any model involving bosonic excitation
would have characteristic features at the frequency of
these excitations. This simple featureless linear behavior
can be seen in all cuprate materials and at all doping
levels and is closely related to another remarkable prop-
erty of the cuprates, their linear variation of resistivity
with temperature[87]. The semi-empirical MFL model of
Varma et al.[86] attempts to account for these properties
by assuming that the electron self energy Σ(k, ω) rate is
given by:
Σ(k) ≈ g2N2(0)
(
ω ln
x
ωc
− i
pi
2
x
)
(8)
where g is a coupling constant, N(0) the density of states
at the Fermi surface, ωc a high frequency cut-off and x =
max(|ω|, T ). This expression fits the experimental data
well in the high temperature region[86, 88] but fails in
the underdoped region at low temperatures since it does
not include the gap-like depression in scattering below
the Ts temperature.
It is clear from Fig. 4 that, as the temperature is
lowered, a gap develops in the scattering rate below 300
K [89]. The gap has the effect of reducing the scatter-
ing below the marginal Fermi liquid line. In optimally
doped samples of YBCO this temperature is very close
to the superconducting transition temperature[14], while
in Bi-2212 it is clearly above Tc[62, 68]. However, while a
gap in scattering may be caused by a gap in the density
of states, as for example in the case of simple electron-
electron scattering, it is now clear that this model does
not account all the experimental data in underdoped
cuprates. As the data in Fig. 4 show, the gap in the
scattering rate in underdoped Bi-2212 first sets in the
around room temperature with a frequency scale of the
order of 1000 cm−1 followed by a more rapid decrease in
neighborhood of 150 K. The lower temperature gap can
be understood, in analogy with the electron-phonon in-
teraction in conventional superconductors[7], where the
scattering by a bosonic mode is invoked to account for
the onset of scattering in the 500 cm−1 region.
An early attempt along these lines was the work of
Thomas et al.[13] and Puchkov et al.[72] who found that a
broad bosonic peak in the 300 cm−1 region could account
for the scattering rate variation with frequency although
not with temperature. More recently, Marsiglio showed
that one could extract the spectral density of this mode
W (ω) from the experimental data by taking the second
derivative of the scattering rate[9]:
W (ω) =
1
2pi
d2
dω2
ω
τ(ω)
. (9)
This method has been successfully applied to the scatter-
ing rate spectra of C60[9], to YBCO[15, 90]. This analysis
did not account too well for a region of negative W (ω)
seen above the broad peak in the superconducting state.
Abanov et al.[16] showed that the negative peak was
not only expected but gave an independent measure
of the superconducting gap ∆. Using the method of
Abanov, Tu et al. analyzed very high quality reflectance
data on optimally doped Bi-2212[68] and were able to
deduce a value of the superconducting gap ∆ = 30 ± 4
meV and a resonance ωsr = 40 ± 4 meV (322 cm
−1)
in excellent agreement with tunnelling data at ∆ = 27
meV and the mode seen in magnetic neutron scattering
ωsr = 41 meV[91]. In the normal state, the peak is seen
at a frequency corresponding to the resonance mode and
the peak persists at least up to 100K and the negative
going feature due to superconductivity can not be seen.
These results are in accord with the observation that in
optimally doped YBa2Cu3O7−δ where the infrared mode
is not seen in the normal state and turns on sharply at
Tc[62]. However, we note that while in optimally doped
Bi-2212 a clear kink was seen in the scattering rate at Tc
whereas the YBCO spectrum was flat and featureless at
95 K, a few degrees above Tc. This suggests that in op-
timally doped YBa2Cu3O7−δthe mode-scattering onset
temperature Ts ≈ Tc, while in Bi-2212 Ts > Tc.
To further investigate the systematics of the bosonic
mode, we plot in Fig. 5 the frequency of the peak in
W (ω) at low temperature as a function of Tc for several
optimally doped cuprate systems. Most of the data are
from a recent paper by Singley et al.[67] with added data
on Tl-2212 from the work of Tanner[92]. Two features
stand out. First, for most high Tc systems the points
cluster at Tc = 93 K and peak frequency of 550 cm
−1.
However, if the data from the mercury and the two layer
thallium materials are included, there is a trend for the
systems with higher Tc towards a linear dependence with
a regression line that goes trough the origin. Within
the bosonic model, this means that at optimal doping
the sum of the superconducting gap and the resonance
frequency is proportional to Tc.
The second notable feature of Fig. 5 is that the linear
variation does not apply to the LaSr and NdCe systems.
While the systems do exhibit a peak at reasonably high
frequency, their Tc seems to be suppressed as compared
to the systems with higher transition temperatures. We
note that this is not an effect of double vs. single layers
since one of the systems that falls on the line is the one-
layer Tl-2201 system. The Tc suppression in the LaSr
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FIG. 5: The frequency of the ab-plane scattering resonance as
a function of Tc for optimally doped high Tc supercondcutors.
The straight line is a fit to the superconductors with a Tc
above 90 K. Included in this group is the one-plane Tl-2201.
The LaSr-214 and NdCe-214 do not follow on this line.
system may be due to the disorder introduced by the La
dopant ions. But it is also possible that the model of
scattering by a well defined mode is not appropriate for
these systems and that the gap-like depression of scat-
tering is due to the combination of a pseudogap and a
broad mode. In this context it is worth pointing out that
the neutron mode has not been seen in these systems.
The bosonic mode model is expected to give rise to a
kink in the dispersion curves of the charge carriers[93, 96]
and this kink has indeed been observed in ARPES dis-
persion curves[94, 95], which further confirms the overall
picture of the kink. The frequency of the kink in ARPES
dispersion is in fairly good agreement with the frequency
of the bosonic mode deduced from optical spectra[96] and
its temperature dependence is in general agreement with
what is seen in optical spectra.
While the picture of the bosonic mode explains a num-
ber of features in infrared and ARPES spectra, it does
not provide a complete theory of the interactions of
the holes in high temperature superconductors since the
model tells us nothing about the nature of the mode.
Carbotte et al.[15] proposed that the 41 meV neutron
mode is the responsible agent. Lanzara et al. on the
other hand, have made the suggestion recently that the
mode is due to an in-plane copper-oxygen vibration.[97]
We will examine these ideas in turn.
The picture of the neutron mode as the cause of the
gap-like depression of the ab-plane scattering rate below
a temperature Ts and the kink in the ARPES dispersion
spectra has several attractive features. The frequency of
the neutron peak is in good agreement with the observed
position of the infrared features[15, 68] in systems where
the neutron peak has been seen. Unfortunately this is
not a good test since, as fig. 5 shows, all these systems
have the same frequency scale. The crucial test, the ob-
servation of the neutron peak in the three layer mercury
compound, is very difficult because of the lack of large
enough crystals for magnetic neutron scattering.
Secondly, the temperature where the neutron peak ap-
pears is in accord with the onset temperature Ts of de-
pressed ab-plane scattering[72] although there is an un-
fortunate lack of data in the crucial temperature region
between 200 K and Tc where the gap in the scattering
rate makes its appearance. It is clear that more work is
needed to settle this question. ARPES spectra also show
that the kink and the accompanying decrease in scatter-
ing at low temperature are consistent with the neutron
mode picture but the ARPES data are also very sparse
along the temperature axis.
The alternate picture of a phononic origin of the mode
is more difficult to accept. First of all, the mode fre-
quency does not show the isotope effect expected for
phonons[98]. Secondly, since the mode frequency scales
with Tc as shown in Fig. 5, which is the sum of the gap
frequency and the mode frequency, it is difficult to un-
derstand the 40 % increase in this sum in the three layer
mercury compound in the phonon picture since copper-
oxygen in-plane phonon frequencies do not change sub-
stantially from one material to another. Also, quantita-
tively, phonon models based on a Fermi liquid approach
fail completely when it comes to the temperature depen-
dence of the scattering rate[67, 72]. The neutron mode,
unlike the phonons, has a strongly temperature depen-
dent spectral function, which essentially vanishes at a
temperature not far above Ts into the general magnetic
background.
Further support for a magnetic origin of the mode is of-
fered by Zn doping experiments. Recent experiments[99]
show that Zn doping has the effect of reducing the width
of the neutron mode while leaving the overall spectral
weight unchanged. This is in accord with the general pic-
ture of zinc as a strong in-plane scattering center as seen
from the strong effect of zinc on both Tc and resistivity.
The ab-plane scattering rate spectra of Basov et al.[14]
confirm this picture for the naturally underdoped system
of YBCO-124. In the undoped material the scattering
rate increases sharply ≈ 350 cm−1 followed by a broader
threshold at 500 cm−1, which is very similar to what hap-
pens in other underdoped materials. With 0.425 % zinc
doping the sharp onset structure is completely obliter-
ated but an overall depression of low frequency scattering
remains and is spread out over a frequency interval of the
order of 1000 cm−1. This doping level is evidently high
enough to suppress the scattering by a well defined mode
but retain the influence of the pseudogap in the density
of states. Further doping to 1.275 % zinc has the inter-
esting effect of completely suppressing superconductivity
9and eliminating any gap-like structure in the scattering
rate spectra, which makes them look very much like the
spectra in the normal state of optimally doped YBCO
where the neutron mode is absent.
Similar effects are found by Zheng et al. in NMR
experiments on YBCO-124 doped with zinc[100, 101].
While Zn doping has a relatively small effect on the
Knight shift, it completely suppresses the pseudogap in
the spin relaxation rate already at the 1% doping level.
EVIDENCE FOR TWO CHARACTERISTIC
ENERGY SCALES.
All experimental techniques used to study the
cuprates show evidence of a pseudogap in underdoped
materials[21]. Common features include a decreasing on-
set temperature T ∗ with doping, a temperature that ap-
pears to merge with the superconducting transition tem-
perature at or near optimal doping. However, early on
there was evidence from NMR experiments for two en-
ergy scales, a higher one seen in the q = 0 susceptibility
as revealed by the Knight shift, and a lower one related to
the pi, pi susceptibility of the relaxation rate 1/T1T [102].
Generally the Knight shift is considered to be a measure
of the density of states whereas the relaxation rate mea-
sures the carrier life time.
That the gap in the c-axis optical conductivity and the
NMR Knight shift may have a common origin can be seen
from the temperature scale of the Knight shift and the
optical conductivity shown as the inset of Fig. 2 where
both extend to almost room temperature in the under-
doped YBCO with Tc = 60 K. A similar correspondence
has been found for the double chain compound YBCO-
124[103]. The broad suppression of frequency dependent
scattering with the 1000 cm−1 frequency scale seen in Bi-
2212 must also be included in this class of phenomena.
However, there is good evidence for another class of
phenomena with a lowere temperature and frequency
scale. In the underdoped YBCO Tc = 60 K material, the
onset of several physical quantities relating to the life
time of the in-plane excitations occur at a much lower
temperature, in the 150 K region, and they have their
most rapid change at Tc. This is illustrated in Figs. 6 and
7 from a recent paper of Timusk and Homes[57] where
in addition to the NMR Knight shift and the relaxation
1/T1T , the c-axis pseudogap amplitude and the ampli-
tude of the c-axis infrared mode at 400 cm−1 have been
plotted.
It can be seen from Fig. 6 that the various plotted
quantities fall into two groups: first there are those that
have an onset near room temperature and show a rather
gradual development of the amplitude as the temperature
is lowered with no rapid changes at the superconducting
transition temperature. They include the c-axis pseudo-
gap and the NMR Knight shift. Not plotted here is the
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FIG. 6: Three temperature scales can be identified in un-
derdoped YBa2Cu3O7−δ. The largest is around 300 K and is
associated with the pseudogap, which is approximated as the
conductivity at 64 cm−1 in c-axis transport. The next gov-
erns the intensity of the 400 cm−1 peak and neutron mode.
It has a value of approximately 150 K as well as NMR re-
laxation, not shown here. The lowest one is associated with
superconductivity and has a value of 60 K in this underdoped
sample. We use the 30 cm−1 reflectance to approximate the
superconducting condensate density. The crosses show an es-
timate of the 400 cm−1 peak amplitude based on broadening
by in-plane scattering as shown in Fig. 3.
tunnelling density of states, which also shows a pseudo-
gap that also follows the higher energy scale[32, 33].
Then there is a second group of quantities that start at
150 K and change rapidly near the superconducting tran-
sition temperature. These include the relaxation 1/T1T ,
the amplitude of the c-axis peak at 400 cm−1 and the 41
meV neutron resonance.
At this stage it is not possible at this point to conclu-
sively fit the ab-plane scattering rate data into this pic-
ture. From the existing data it appears that suppression
of ab-plane scattering is caused by both the high temper-
ature phenomena in the form of the broad depression of
scattering with the 1000 cm−1 scale and the low temper-
ature gap in scattering associated with the bosonic mode.
There is lack of relevant data not only for the infrared
scattering rate but also for the kink in ARPES disper-
sion and dc transport. More work is needed to settle
this question. However there are strong hints from the
available data that the ARPES kink and the ab-plane
scattering rate gap from the bosonic mode both belong
to the low temperature group while the ARPES d-wave
gap at (pi, pi)[104] and the Knight shift along with with
the 1000 cm−1 depression of conductivity follow the high
temperature scale.
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FIG. 7: Infrared pseudogap and magnetism in underdoped
YBCO. The amplitude of the Knight shift plotted as open
squares and the pseudogap plotted as triangles and approx-
imated here as the 64 cm−1 conductivity. The Knight shift
depression starts at room temperature in this sample with an
oxygen content of 6.60. The relaxation time, shown as solid
squares, is plotted as [1− 1/(T1T )]. It starts to deviate from
the uniform high temperature form at around 150 K and fits
better to the 400 cm−1 peak intensity than the Knight shift.
SUMMARY
We have discussed two separate experiments where in-
frared spectroscopy shows evidence of a gap-like depres-
sion in physical quantities in underdoped cuprates, the
c-axis conductivity and the ab-plane scattering rate. The
depression of the c-axis conductivity seems to be associ-
ated with a real gap in the density of states as shown
by the Knight shift, ARPES and tunnelling and possibly
the 1000 cm−1 scale ab-plane scattering rate suppression.
This pseudogap appears near room temperature in sam-
ples where Tc has been reduced to 60 K, has width that
does not change with temperature and seems to merge
with the superconducting gap near optimal doping. The
gap associated with a depressed scattering rate in the ab-
plane transport with the 600 cm−1 frequency scale shows
up at a lower temperature and appears to be associated
with scattering from a mode. ARPES dispersion shows
this mode to be present in Bi-2212 and there is good ev-
idence that the 41 meV neutron mode is the responsible
agent, although the idea that phonons may be involved
has also been advanced. To confirm this picture of a gap
and a distinct mode, a detailed study of the temperature
dependence of the two phenomena in the same system is
needed. Underdoped YBCO seems to be a good candi-
date for this since at least two groups are able to grow
thick, high-quality crystals of this material[105].
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